Bacteriophage with double-stranded, linear DNA genomes package DNA into pre-assembled icosahedral procapsids through a unique vertex. The packaging vertex contains an oligomeric ring of a portal protein that serves as a recognition site for the packaging enzymes, a conduit for DNA translocation, and the site of tail attachment. Previous studies have suggested that the portal protein of bacteriophage P22 is not essential for shell assembly; however, when assembled in the absence of functional portal protein, the assembled heads are not active in vitro packaging assays. In terms of head assembly, this raises an interesting question: how are portal vertices de®ned during morphogenesis if their incorporation is not a requirement for head assembly? To address this, the P22 portal gene was cloned into an inducible expression vector and transformed into the P22 host Salmonella typhimurium to allow control of the dosage of portal protein during infections. Using pulse-chase radiolabeling, it was determined that the portal protein is recruited into virion during head assembly. Surprisingly, over-expression of the portal protein during wild-type P22 infection caused a dramatic reduction in the yield of infectious virus. The cause of this reduction was traced to two potentially related phenomena. First, excess portal protein caused aberrant head assembly resulting in the formation of T 7 procapsid-like particles (PLPs) with twice the normal amount of portal protein. Second, maturation of the PLPs was blocked during DNA packaging resulting in the accumulation of empty PLPs within the host. In addition to PLPs with normal morphology, smaller heads (apparently T 4) and aberrant spirals were also produced. Interestingly, maturation of the small heads was relatively ef®cient resulting in the formation of small mature particles that were tailed and contained a head full of DNA. These data suggest that incorporation of portal vertices into heads occurs during growth of the coat lattice at decision points that dictate head assembly ®delity.
Introduction
The self-assembly of large biological structures such as viral capsids requires control mechanisms to ensure high ®delity. One mechanism of controlling assembly requires the individual subunits to be synthesized in an assembly-inactive form that is subsequently triggered to polymerize, either by recognition of a growing surface, 1 ± 3 or by binding to a provisional effector molecule such as a scaffolding protein. 4 ± 7 The assembly of doublestranded DNA (dsDNA) bacteriophage entails the polymerization of coat proteins into a lattice with icosahedral symmetry. 8, 9 In order to package DNA, the pre-assembled capsids (procapsids) must also contain a portal to serve as a docking site for the DNA packaging enzymes (terminase) and as a conduit for DNA translocation into the head. 10 ± 14 In all cases studied in detail, this structure is composed of a single gene product (termed``portal'' or`c onnector'' protein) arranged as a ring with 12-fold rotational symmetry. 13,15 ± 18 Interestingly, the portal rings are located at positions of the capsid that have 5-fold rotational symmetry. It has been proposed that this symmetry mismatch between the portal ring and capsid is required for portal ring rotation during DNA translocation. 13, 17, 19, 20 A dynamic role for the phi29 portal protein has been proposed from structural data that requires 12-fold symmetry in conjunction with structural changes in the portal ring as a component of the DNA packaging machinery. 17 There is mounting evidence that the portal rings exist in the capsids in place of a pentamer of capsid protein, and, consequently, interrupt the global icosahedral symmetry of the capsid lattice. 17, 18, 21, 22 Constructing capsids with portal vertices is an intricate task: what rules govern assembly such that each capsid gets one, and only one, portal vertex? The head assembly process of several phage has been investigated in an attempt to understand this process in more detail. 23 ± 33 Generally, in these studies structural proteins were removed from the assembly process by means of conditional mutations and any resulting effect on assembly observed. 14, 34, 35 Using this approach, a role for portal proteins in form determination has been documented in the assembly of phage with prolate (elongated with icosahedral ends) and isometric heads. 14, 34, 35 Curiously, similar studies on the assembly of the isometric bacteriophage P22 capsid revealed that the portal protein plays no apparent role in procapsid form determination. 25, 29, 36 Moreover, procapsid-like particles (PLPs) formed in the absence of portal proteins cannot be matured into infectious particles by supplying portal protein in cell lysates suggesting that portal-less PLPs are dead-end products. 26,35 ± 37 One mechanism that could account for the incorporation of portal protein is a``nucleation'' mechanism ®rst proposed by Murialdo & Becker. 38 In this kinetic model, capsid growth is started from an initiator complex that contains portal protein.
For this mechanism to be ef®cient, initiation must be rate limiting and enhanced by the presence of portal protein. Bazinet & King determined that the rate of P22 head assembly in the presence and absence of full-length portal protein was the same arguing against a role for the portal protein in the initiation of head assembly. 29 Similar results have been reported for the assembly of SPP1 procapsids as well, suggesting that a nucleation mechanism per se is probably not responsible for the incorporation of the portal rings in these viruses. 35 The morphogenesis of bacteriophage P22 has been carefully studied both in vivo and in vitro, resulting in an understanding of many aspects of virus replication (Figure 1 ; adapted from King et al.) . 11 During the P22 lytic cycle, procapsids assemble that contain $420 molecules of coat protein arranged as a T 7 icosahedral lattice surrounding an inner core of $300 molecules of scaffolding protein. 39 ± 41 P22 procapsids also contain a dodecameric ring of portal protein and three minor proteins gp7, gp16, and gp20, which, although not required for portal incorporation and DNA packaging, are required for infectivity. 42 Approximately 43 kb of dsDNA is packaged into the procapsid in an ATP-dependent manner giving rise to the mature head. 43 During DNA packaging, the scaffolding protein exits the procapsid and the capsid lattice expands by approximately 10 % and becomes more angular. 41, 44 After DNA cleavage, three head stabilization proteins add to the portal vertex (gp4, gp10, and gp26) along with three to six tailspike trimers rendering the particle infectious. 45, 46 P22 procapsid assembly in vivo is rapid (on the order of minutes) hindering efforts to characterize procapsid assembly intermediates. 4, 29 In vitro, puri®ed coat and scaffolding proteins spontaneously assemble into T 7 PLPs when mixed together. 6 The ability to control and monitor capsid assembly in vitro has allowed the mechanism of scaffoldmediated coat protein polymerization to be examined in detail. 47, 48 Unfortunately, attempts to incorporate puri®ed portal protein during in vitro assembly reactions have not been successful (P.E.P. & S.D.M., unpublished results). When overexpressed in Escherichia coli, the P22 portal protein remains unassembled suggesting that its assembly into dodecamers within procapsids requires a triggering condition that may be absent in vitro.
49 Figure 1 . The bacteriophage P22 assembly pathway. A schematic of the P22 assembly pathway is shown that was modi®ed from a previously published version. 11 The ®rst detectable P22 assembly intermediate is a procapsid composed of approximately 415 molecules of coat protein arranged as a T 7 icosahedral lattice around an inner core of approximately 300 molecules of scaffolding protein. Located at on ®vefold vertex is a dodecameric ring of portal protein that serves as a docking site for the terminase complex (gp2 and gp3) and as a conduit for DNA translocation. Three minor proteins, gp7, gp16, and gp20 are also present in the procapsid, but are not required for portal protein incorporation or DNA packaging. After packaging, the mature head is stabilized by the addition of gp4, gp10 and gp26. Finally, six trimers of tailspike add and render the virus infectious.
Here, the incorporation of portal protein into heads is characterized in vivo using an inducible portal protein expression system. Using this system, novel insights into the process of portal protein recruitment and vertex formation were obtained.
Results

Portal protein is not required for head assembly
The use of amber mutants to investigate P22 morphogenesis allows for conditional expression of functional protein by growing the phage on suppressor or non-suppressor host bacteria. When grown in non-suppressing hosts, amber fragments are generated consisting of the N-terminal portion of the protein. Depending on the location of the amber mutation, the amber fragment may retain an activity that could muddle experimental interpretation. To eliminate the possibility of a portal protein amber fragment participating in assembly, a new mutant phage was constructed that contained an amber mutation at the ®fth codon of gene 1 and a lysis-defective mutation (designated 1 À amE5* 13 À amH101). When this phage was used to infect a non-suppressing host, no portal protein was detected by Coomassie staining or by Western analysis using polyclonal anti-portal serum. Head assembly in the absence of portal protein by this mutant was then compared with wild-type procapsid assembly in the absence of DNA packaging (using a lysis-defective, terminase amber mutant, 13 À amH101 2 À amH200).
25
Procapsid-like particles accumulated in the absence of portal protein that were indistinguishable from normal procapsids by both negative stain electron microscopy and SDS-PAGE (aside from the absence of portal protein). Additionally, the accumulation rate of the PLPs was characterized using pulse-chase radiolabeling and found to be indistinguishable from the rate of wild-type procapsid accumulation (results not shown). These ®ndings support the previous conclusions that the P22 portal protein is not required for head assembly, nor does its presence alter the head assembly rate. 25, 29 Portal protein provided in trans is functional
To control the amount of portal protein present during infections, an inducible portal protein expression plasmid was constructed and transformed into a non-amber-suppressing Salmonella host (hereafter referred to as``portal host''). Maximal expression was reached after approximately one hour of expression at 37 C and reached levels approximately ®ve times the total amount of portal protein expressed during an hour of a wild-type phage infection.
To determine if the portal protein expressed from the plasmid was capable of functioning during phage morphogenesis, its ability to complement the mutant phage 1 À amE5* phage in trans was tested (Figure 2 ). Portal hosts were grown to mid-log phase and divided evenly into several culture tubes. To each, a mixture of lysis-defective 1 À amE5* phage and IPTG was added at the same time such that the multiplicity of infection (M.O.I) was 7 and the ®nal IPTG level ranged from 0 to 2 mM. One uninduced aliquot was infected with lysis-defective 1 phage to determine the normal level of phage and portal protein production as a reference. After growth for one hour at 37 C, samples were removed for SDS-PAGE and the cells killed and lysed by the addition of chloroform.
For quanti®cation of the portal protein, samples resolved by SDS-PAGE were stained with Coomassie, digitized, and the portal band intensities determined by integration. For clarity, a duplicate gel was run and the portal and coat proteins detected by Western analysis (Figure 2(a) ). Increasing levels of portal protein were produced in the aliquots in response to increasing levels of IPTG. No phageencoded portal protein was produced because of the amber mutation in gene 1. Coat protein was produced to high levels in each culture indicating that there was ef®cient late protein production in each culture. Phage present in the lysates after one hour of growth were then titered and the titer per ml of culture was plotted against the amount of portal protein produced relative to the amount produced in the wild-type infection (Figure 2(b) ). The portal protein complemented in trans in a dose-dependent manner that increased the titer from a background of $2 Â 10 8 to $6 Â 10 10 plaque forming units (PFU) per ml of culture. Maximal phage production was reached when approximately one wild-type equivalent of portal protein had been expressed during the infection and was constant up to approximately 3.5 equivalents. At higher portal protein concentrations, the titer dropped slightly, suggesting a toxic effect of the excess portal protein. Although the plasmidencoded portal protein complemented the mutant phage quite well, the highest level of phage production was slightly lower than the wild-type phage infection ($1 Â 10 11 PFU/ml). This may have been caused by cell-to-cell variability in portal protein expression levels, or by improper timing of portal protein expression relative to the other phage proteins.
The portal protein is incorporated during head assembly
Previous efforts to complement pre-assembled, portal-less PLPs using infected cell lysates were unsuccessful. 36 Although this result suggested that the portal protein could not be added to preformed PLPs, it remained possible that a labile factor required for portal function had become inactive upon lysis. To determine if portal protein could enter and rescue pre-assembled portal-less PLPs in vivo, the portal protein was supplied in trans after portal-less PLPs had been assembled.
A culture of portal host was grown to early log phase in labeling medium and infected with lysisdefective 1 À amE5* phage. After 20 minutes of infection, the proteins undergoing synthesis were radiolabeled with a ®ve minute pulse of [ 35 S]methionine. A 45 minute chase with excess cold methionine was then applied to give the labeled proteins suf®cient time to assemble into portal-less PLPs. The culture was divided evenly and one half was induced to produce portal protein with 1 mM IPTG. The cultures were then incubated for 90 additional minutes to allow for phage production prior to harvesting.
To isolate and characterize the phage produced during the infections, concentrated lysates were resolved using a CsCl step gradient designed to band phage at a unique position. Fractions from the gradients were then analyzed by SDS-PAGE and autoradiography (Figure 3 ). The gradients were not centrifuged to equilibrium allowing the more massive protein assemblies suf®cient time to migrate to the d 1.2/1.4 and d 1.4/1.6 interfaces whereas unassembled proteins remained spread out within the d 1.2 layers. Mature phage, with a high mass ($600 S) 4 and density (d $1.5) 50 migrated to the interface between the d 1.4 and 1.6 CsCl (e.g. Figure 3(b) ).
In the uninduced culture, no portal protein was produced and no phage were generated, as a result no proteins were detected at the d 1.4/1.6 interface ( Figure 3(a) ). Coat protein assembled as PLPs had accumulated at the d 1.2/1.4 interface. An analysis of the same lysate using a velocity sucrose gradient con®rmed that most of the coat was present as PLPs (results not shown). The induction of the portal protein allowed the production of phage and these particles migrated to the interface between d 1.4 and 1.6 ( Figure 3(b) ). Of all of the coat protein present in the lysate, only a small percentage ($5 %) was associated with the mature phage. This suggested that most of the coat protein had been assembled as defective structures such as portal-less PLPs that were unable to mature into phage.
The coat protein associated with the PLPs had a high speci®c radioactivity, indicating that a signi®-cant population of subunits had been labeled during the pulse early in the infection (Figure 3(c) ). Importantly, the proteins contained within the phage had an extremely low speci®c activity, indicating that most (> $97 %) were synthesized after the pulse. This suggests that the phage were derived from unassembled coat protein produced after the pulse and not from the pre-assembled, radioactive PLP pool.
In a related experiment, the infected culture was pulse-labeled at the same time the portal protein was induced late in infection. All of the proteins within the phage had a high speci®c radioactivity, indicating that head protein synthesis was still À amE5* phage. After 90 minutes of infection, the phage that had been produced by complementation were puri®ed and the radioactivity of the phage proteins determined by SDS-PAGE and autoradiography (results not shown). The portal protein in the phage was radioactive indicating that portal protein produced 45 minutes prior to infection remained functional. No other phage proteins were radioactive, suggesting that the wash and cold methionine chase were suf®cient to prevent further radiolabeling of proteins. Unexpectedly, the majority of the portal protein present in the lysate was found associated with assembled immature particles and not with phage. This suggested that the high level of portal protein was somehow toxic and had interfered with phage morphogenesis.
To determine if excess portal protein indeed affected phage morphogenesis, the portal host was pre-induced to allow the protein to accumulate to high levels prior to infection with a wild-type, lysis-defective phage. To make sure that any observed effect was due speci®cally to the portal protein and not to the process of induction or protein over-expression, the E. coli lacZ gene was cloned into the expression plasmid to express bgalactosidase (b-Gal) in parallel infections.
The portal expression host and b-Gal host were grown to early log phase and divided into equal aliquots. At various times beginning 90 minutes prior to the time of infection, aliquots were induced to produce protein. This created increasing amounts of either b-Gal or portal protein among the aliquots of cells, similar to that shown in Figure 2 . Each aliquot was divided equally and then infected with wild-type phage at an M.O.I. of 7. Samples were then taken from each culture for quanti®cation of the induced proteins by SDS-PAGE. After one hour of infection, each culture was sampled again, lysed by the addition of chloroform, and the aliquots were then titered to measure phage production ( Figure 4 ).
Phage production was reduced in a dose-dependent manner in response to the amount of portal protein present during the infection and not to bGal. In the extreme case, the level of portal protein present at the start of infection was approximately Although the pool of coat protein at the d 1.2/1.4 interface had a high speci®c radioactivity, the phage at the d 1.4/1.6 interface were not radioactive indicating that the phage were produced primarily from non-radioactive proteins synthesized during the chase.
P22 Portal Vertex Formation in Vivo
4.0 times higher per cell than the total portal protein produced during an hour of wild-type infection. In this aliquot, phage production was reduced by 95 % relative to both the uninduced sample and the b-Gal control. At the end of the infections, the difference in the levels of portal protein throughout the samples was less steep and ranged from $4.5 to 5.5 times that produced by the phage in the wild-type infections. The highest levels of portal protein reached were greater than the portal host was capable of synthesizing on its own. This suggested that the additional portal protein was produced from the phage-encoded portal gene and implies that no negative feedback regulation of portal synthesis existed.
Excess portal protein alters head assembly
A preliminary characterization of infected cell lysates indicated that the excess portal protein had associated with heterogeneous coat protein assemblies. This suggested that the excess portal protein was participating in non-productive assembly. To determine if the excess portal protein was altering head assembly in the absence of DNA packaging, portal and b-Gal hosts at maximal expression levels were infected with phage that were unable to synthesize terminase and were therefore unable to package DNA (2 À amH200 13 À amH101). Concentrated lysates from the infected cultures were then separated in sucrose gradients and fractionated.
Analysis of the b-Gal host infection fractions by SDS-PAGE indicated that procapsids, indistinguishable in protein composition and migration position from puri®ed P22 procapsids, were found at the center of the gradient ( Figure 5 (a), peak PC). This indicated that the expression of b-Gal had no affect on head assembly. These particles contained a full complement of scaffolding and minor proteins. 51 The P22 tailspike and b-Gal proteins had accumulated to high levels and remained soluble at the top of the gradient.
The excess portal gradient contained material that migrated similarly to procapsids ( Figure 5 (b), peak PLP). Although these particles had a similar mass to procapsids, their protein composition was altered. Compared to the procapsids, densitometry revealed that approximately twice as much portal protein was associated with these particles. Because of this difference, these particles are referred to as PLPs This value¯uctated slightly between independent experiments from $1.8 to 2.1-fold excess. These variations between experiments may have been due to any number of causes including differences in the relative ef®-ciency of portal protein expression, slight differences in the multiplicity of infection, or differences in protein staining intensity in different gels.
Gradient fractions from both infections were also analyzed under native conditions in an agarose gel ( Figure 6 ). This procedure separates particles by both size and charge and similar procedures have been previously used to monitor the in vitro expansion of P22 procapsids during DNA packaging 50 and during chemical and heat perturbation. 52, 53 In the b-Gal host gradient, the procapsid band was the dominant band in the total lysate ( Figure 6 (a), lane L). Within the gradient, nearly all of the material migrated as this homogeneous band, centered in the gradient at the position of the procapsid peak. Near the bottom of the gradient, a faint band of phage particles was present. Presumably, these were produced during the long infection because of partial DNA packaging activity arising from partial terminase activity. A faint, fastmigrating band was also present within the gradient ( Figure 6 (a), white arrow).
Native gel analysis of the fractions from the experimental lysate indicated that most of the PLPs that had accumulated had the same electrophoretic mobility as procapsids ( Figure 6(b) ). The faster migrating particles were present in much greater abundance than in the control ( Figure 6 (b), white arrow). In addition to the discrete, well-de®ned particles in the native agarose gel, heterogeneous, Figure 4 . Excess portal protein inhibits phage production. Aliquots of the Salmonella expression hosts containing either the control (b-Gal) or the portal protein expression plasmids were induced with IPTG to produced protein at various times prior to infection with a wild-type virus. At the beginning of the infection, samples were taken for SDS-PAGE and the level of protein present determined by integrating the Coomassie blue stained protein bands. One hour after the start of infection, the cultures were sampled for SDS-PAGE, killed and lysed by the addition of chloroform, and the amount of phage present in each lysate determined by titering. Shown here is a bar graph depicting the portal protein levels present in each culture relative to the amount of portal protein made by wild-type phage in an hour of infection. Hatched bars: portal level at beginning of infection. Open bars: levels at the end of infection. Superimposed on this plot is the phage titer (stars, right y-axis) relative to the average titer of the infected control lysates. Pre-expression of the b-Gal had no effect on phage yield. aberrant assemblies were produced in the presence of excess portal protein. These appeared as slowmigrating smears within the agarose gel from the gradient position of the PLPs to faster sedimenting positions. Analysis of the total fractions containing these aberrant particles by negative stain electron microscopy revealed spiral structures with morphologies similar to those seen micrographs of P22 coat protein that had been assembled in the absence of scaffolding protein. 54 Selected fractions from the sucrose gradients were analyzed by negative stain electron microscopy ( Figure 7) . The procapsids present in the b-Gal host gradient were homogeneous with measured diameters ranging from approximately 53 to 59 nm (Figure 7(a) ). Similar variations in the apparent sizes of P22 procapsids are attributed to particle distortions incurred during sample preparation. Electron cryomicroscopic analysis of P22 procapsids revealed that procapsids are quite homogeneous with an average diameter of $53 nm. 55 The majority of the particles from the peak fraction of PLPs with twice as much portal protein were morphologically indistinguishable from procapsids ( Figure 7(b) ). In addition to the PLPs, approximately 5 % of the particles in this fraction were smaller particles with a diameter of $42 nm (white arrow).
At a slower migration position in the gradient (Figure 6 (b), peak T 4), there was a much greater proportion of the smaller particles suggesting that they were less massive than procapsids ($45 %; Figure 7 (c)). The small capsids were also detected in the corresponding b-Gal gradient as approximately 2 % of the total particles (not shown). The quantities of the small particles coincided with the intensity of the fast-migrating bands in the agarose gels ( Figure 6 , white arrows). Several features of the small particles suggest that they were composed of a T 4 coat protein lattice. The measured Figure 5 . Protein distributions in the absence of DNA packaging. The b-Gal and portal protein expression hosts were induced one hour prior to a two hour infection with a phage that was unable to package DNA (2 À amH200 13 À amH101). Lysates of the infected cells were resolved on sucrose gradients and the fractions analyzed by SDS-PAGE. Lanes L, total lysates loaded onto the gradients. (a)``Normal'' procapsid were produced in the control infection (peak PC). These had a full complement of scaffolding protein and one portal dodecamer per procapsid. (b) Procapsid-like particles were produced in the presence of excess portal protein (peak PLP). These PLPs had twice as much portal protein as the procapsids and approximately 93 % as much scaffold protein.
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42 nm diameter was consistent with these particles being T 4 (predicted to be $41 nm compared to $34 nm for a T 3 lattice). The small shells comigrated in native agarose gels with the T 4 shells isolated from a mutant P22 infection lacking scaffolding protein (not shown). Additionally, the internal volume of the mature small particles was consistent with the volume predicted to be enclosed by a T 4 coat lattice (see below).
The protein content of the small particles was determined by electroeluting them from an agarose gel and subsequently identifying the proteins by SDS-PAGE (Figure 8(a) and (b) ). As a control, procapsids from the peak fraction in Figure 6 (a) were also electroeluted to demonstrate that the extraction procedure did not alter the protein content. Surprisingly, the T 4 particles contained almost exclusively portal and coat protein. Densitometry revealed that the portal to coat ratio was approximately twice that observed in procapsids ($1.8 to 1.9-fold). Considering the reduced coat content of the T 4 particles (4/7 the amount in a procapsid), this result suggests that the T 4 particles had, on average, one portal ring. A small amount of scaffolding protein was present in the eluted T 4 fraction; however, an analysis of this material by native agarose gel indicated that a small amount of T 7 particles remained in the sample after the gel extraction. This suggests that the T 4 particles were nearly devoid of scaffolding protein.
The presence of portal and the absence of scaffolding protein in these T 4 particles was intriguing because previous studies have demonstrated that T 4 particles formed in the absence of scaffolding protein did not contain portal protein. 54, 56 To determine if the excess portal protein could enter T 4 particles formed in the absence of scaffolding protein, portal and b-Gal expression hosts were infected with phage that were unable to produce scaffolding protein (8 À amH202 13 À amH101). Subsequent analysis of these infected cell lysates by sucrose gradients followed by SDS-PAGE and native agarose gel electrophoresis revealed no differences in the relative amounts of T 7 and T 4 particles between the b-Gal and the excess portal infection (not shown). In addition, the gelextracted T 4 particles did not contain portal protein in either case. This suggests that the presence of scaffolding protein during assembly is required for the incorporation of the portal protein into the T 4 coat lattices.
Excess portal protein blocks T7 head packaging
Although the excess portal protein resulted in some aberrant assembly (as witnessed by the presence of T 4 and spiraled particles), this alone did not seem to be suf®cient to account for the 95 % reduction in infectious phage. More than half of the total coat protein seemed to be associated with well-formed T 7 PLPs that had twice the normal amount of portal. To determine if the PLPs with excess portal protein were capable of packaging DNA, portal and b-Gal hosts were infected with wild-type phage (lysis-defective) and the lysates subsequently characterized.
In the control, b-Gal was expressed to a high level and remained at the top of a sucrose gradient (Figure 9(a) ). Most of the coat protein was assembled as structures that migrated near the bottom of the gradient (Figure 9(a), lane f) . The presence of tailspike protein, the absence of scaffolding protein, and the observation that the plaque-forming units peaked in this fraction allowed identi®cation of these particles as mature phage. In the middle of the gradient, another peak of coat protein was present in the form of procapsids (Figure 9(a) , lane PC). These particles contained scaffolding protein and, presumably, they had not yet been acted upon by the DNA packaging machinery. Figure 9 (b) shows the gradient of the infection in the presence of excess portal protein. The total amount of coat protein produced in the presence of excess portal protein was greater than in the control. This level was similar to the amounts found in the packaging-defective lysates ( Figure 5 ) suggesting that the increase in coat protein production was a consequence of defective DNA packaging. The portal protein was present in the lysate at a level approximately sixfold higher than the portal protein in the b-Gal host infection. Unlike the control, most of the coat protein migrated to the middle of the gradient assembled as structures similar in mass to procapsids (Figure 9(b) , lane PLP). Compared to normal procapsids, the particles in this region of the gradient had too little scaffolding protein (approximately one-third) and too much portal protein (approximately twice as much); therefore, these are also referred to as PLPs. The PFU titer in this lysate was reduced by 93 % relative to the control, and, although a phage peak was not clearly discernable by SDS-PAGE, the PFUs peaked in the same fraction as in the b-Gal host gradient (Figure 9(b) , lane f). The phage produced in this infection were isolated by density on a CsCl step gradient as shown in Figure 3 and the protein content of the phage particles was determined by SDS-PAGE (results not shown). The protein ratios in the mature particles were indistinguishable from wild-type phage suggesting that only properly assembled heads were able to complete the packaging process.
The distributions of proteins in the sucrose gradients suggested that the excess portal protein had blocked the packaging of the T 7 PLPs. To identify the stage at which DNA packaging was blocked, the fractions from the gradients were analyzed by native agarose gels (Figure 10 ). In the b-Gal host lysate, the dominant band co-migrated 
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with the phage in the marker lane (Figure 10(a) , lane L). In and near the procapsid peak was a set of four distinct bands. The fastest band comigrated with the puri®ed procapsids in the marker lane (Figure 10(a), band PC) . The slowest band co-migrated with phage from the center to the bottom of the gradient (band f). One intermediate band peaked at the position of procapsids and extended to lighter positions in the gradient (band I-1), whereas another intermediate (band I-2) was present as two gradient peaks, one to the left of procapsids and one that co-migrated with phage. Bands I-1 and I-2 were not observed in the absence of DNA packaging ( Figure 5 ), suggesting that a full complement of proteins required for DNA packaging was required for their formation.
When excess portal protein was present during the infection, similar bands were observed in the agarose gel including the bands I-1 and I-2; however, their relative abundance was drastically altered when compared to the control (Figure 10(b) ). Unlike the infection of the b-Gal host, the most dominant species in the lysate was a band that co-migrated with the procapsids in the marker (Figure 10(b), lane L) . The accumulation of these particles suggests that they were unable to progress ef®ciently through the DNA packaging stage of morphogenesis. Restriction analysis of puri®ed total host and phage DNAs indicated that over expression of the portal protein did not affect phage DNA synthesis (results not shown). This suggested that the PLPs were defective in some aspect of the coat protein lattice transformations that accompany packaging.
To determine if there was a gross defect in the capsid lattice of the PLPs produced with excess portal protein, their heat-induced expansion properties in vitro were compared to puri®ed procapsids (not shown). Several aliquots of each were heated to temperatures ranging from 55 to 72 C in phosphate buffer for 30 minutes. Each was then cooled to 4 C and analyzed by native agarose gel to visualize the progression of expansion. The PLPs expanded to the same degree as procapsids at the same temperatures. The kinetics of expansion at 72 C were also compared and no differences were observed.
Although no differences in heat sensitivity were detected between procapsids and the PLPs with excess portal, this did not rule out the possibility that some other triggering defect existed. The ®nd-ing that the PLPs had less scaffolding protein protein in the presence of DNA packaging than procapsids suggests that they had attempted to package DNA, but that communication between the portal-terminase complex and either the scaffolding protein or the coat lattice had been compromised. Alternately, the excess portal protein may have prevented a full complement of scaffolding protein from entering the capsids. Figure 10 revealed that a band was present in the gel of the excess portal lysate that was absent in the b-Gal host lysate (Figure 10(b) , black arrow). The gradient position of this band suggested that it may have been composed of DNA-®lled T 4 heads.
To determine if mature T 4 particles had been produced, several fractions from the sucrose gradients were analyzed by negative stain electron microscopy to characterize particle morphologies. Figure 6 ) was concentrated using a micoconcentrator and electrophoresed under native conditions in an agarose gel. A slice of the gel was stained to identify the location of the particles and used as a guide to remove the unstained particles from the remainder of the gel. Particles from the gel slice were then electro-eluted, concentrated, and rerun on an agarose gel (a). Lanes: M, marker containing phage and procapsids; 1, procapsid peak fraction; 2, T 4 particle peak fraction; 3, electro-eluted procapsids; 4, electro-eluted T 4 particles. The electro-eluted particles were exchanged into Tris buffer and analyzed by SDS-PAGE (b). Lanes: M, marker containing separately puri®ed procapsids; 1, electro-eluted procapsids; 2, electro-eluted T 4 particles. Proteins are identi®ed at the left of the gel.
In the control gradient, procapsid particles were present in the middle of the gradient and phage were present at the bottom of the gradient (not shown). The ®fth fraction from the bottom of the gradient shown in Figure 10 (b) contained $60 nm mature T 7 phage particles, an abundance of smaller $45 nm particles that were angular and contained tailspikes, and spiraled structures ( Figure 11 ). This suggests that the band between I-1 and I-2 in Figure 10 (b) was composed of matured, T 4 heads that had been ®lled with DNA and tailed. The mature T 4 heads were twice as abundant as the empty T 4 heads indicating that they had been ef®ciently matured.
DNA packaging is altered in the presence of excess portal protein
To determine if DNA packaging was altered in the presence of excess portal protein, DNaseprotected DNA was puri®ed from the total lysate and from sucrose gradient fractions that contained matured heads. Intact DNA was then resolved on an agarose gel, stained with ethidium bromide, and visualized under UV illumination (Figure 12(a) ). In the control lysate and at the phage peak position in the gradient, the only species present was a large DNA that was determined to be approximately 42 to 44 kb by Figure 9 . Portal protein interference of phage morphogenesis. Lysates of expression hosts that had been induced to produce either portal protein or b-Gal one hour prior to a two hour infection with wild-type phage were resolved through sucrose gradients, fractionated, and analyzed by SDS-PAGE. The gradients were centrifuged such that procapsids ($240 S) migrated to the middle of each gradient and phage ($600 S) migrated almost to the bottom. Lanes L, samples of the total lysates that were loaded onto each gradient. (a) Protein distribution from an infection in the presence of b-Gal. The b-Gal was the second most abundant protein in the lysate. Most of the coat protein was associated with phage in the third fraction from the bottom (peak f). Procapsids had migrated to the middle of the gradient (peak PC). (b) Protein distribution from an infection in the presence of excess portal protein. Most of the coat protein was associated with procapsid-like particles (peak PLP) in the middle of the gradient. The excess portal protein was distributed throughout the gradient and peaked over the PLPs. The amount of portal protein that comigrated with the PLPs was two-fold higher than the amount associated with normal procapsids. In addition, scaffolding protein was reduced by approximately twothirds when compared to normal procapsids.
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comparison to the migration of the DNA fragments in the marker (Figure 12(a), left panel) . This length was in excellent agreement with the previously determined 43 kb length of packaged P22 DNA. 43 In addition to full length P22 DNA, the presence of excess portal protein had caused the formation of smaller DNAs ranging from $16 kb to $17.5 kb (Figure 12(a), right panel) . Since the smaller DNAs co-sedimented with the observed T 4 mature heads, they were most likely derived from those particles. The volume for packaging within T 4 heads should have been approximately 43 % of the volume of a T 7 head (assuming an icosahedral surface area 4/7 that of a T 7 head). This would have created a packaging volume capable of holding of $18 kb. Given that the absolute volume of neither mature P22 nor the mature T 4 particles is known, the 16.5 kb length of the T 4 packaged DNA strongly suggested that the T 4 particles had acquired DNA by a head-full packaging mechanism. 43 To determine if the packaged DNAs were derived from replicated P22 concatameric DNAs, each sample was digested with EcoRI and the resultant fragments analyzed on an agarose gel (Figure 12(b) ). The EcoRI restriction fragments of packaged P22 DNA have been characterized to determine the site of DNA packaging initiation (termed pac) 57 and to determine the average number of packaging events that occur on a given concatemer. 58 The fragments displayed in Figure 12 (b) Figure 10 . Heads with excess portal protein did not mature. Samples of the fractions from the gradient shown in Figure 9 were analyzed under native conditions using agarose gels. Lanes M, a marker sample consisting of a mixture of separately puri®ed procapsids (PC) and phage (f). Lanes L, samples of the total lysates that were loaded onto the gradients. (a) Coomassie blue stained native agarose gel of gradient fractions of the b-Gal lysate. In the load lane (L), the dominant band co-migrated with the phage in the marker lane (M). In the gradient region of procapsids, four distinct bands were present (PC, I-1, I-2, and f). In the gradient region of phage, two of the four bands were dominant (I-2 and f). (b) Coomassie blue stained native agarose gel of gradient fractions of the excess portal protein lysate. Four bands were also present in the region of the PLPs that co-migrated with the four bands present in the control gradient (PC, I-1, I-2, f). The phage band was present in the gradient region of phage. In addition to these bands, two other bands were present: T 4 heads (white arrow), and another band that consisted of packaged T 4 heads (black arrow). In addition to these well-resolved bands, aberrant heterogeneous assemblies appeared as smears in the gel migrating more slowly than phage.
were labeled from (a) through H according to size by the convention of Jackson et al. (Figure 12(c) ). 57 The EcoRI fragments derived from the packaged DNA in the b-Gal host infection were consistent with the DNA having been derived from replicated P22 DNA and were present in the same ratios throughout the gradient (Figure 12(b), left panel) . Using digital densitometry, the molar abundance of fragments F and G (which should have been present in each virion) and fragment D were determined. Fragment D is present only in the viruses that initiated packaging at the pac site on the replicated DNA (see Figure 12(c) ). The molar ratio of F and G to D was used to determine that the packaged P22 DNA in the control was derived from an average of $4.8 packaging events per concatemer. This value was lower than the value of $6 that has been previously reported for a 120 minute infection. 58 This difference may have been due to a depletion of nutrients because Adams et al. 58 refreshed the growth medium after infection.
The EcoRI fragments generated from the DNA packaged in the presence of excess portal were not present in the same ratios throughout the gradient (Figure 12(b), right panel) . The restriction pattern near the bottom of the gradient was similar to the pattern in the control except that the amount of fragments F and G relative to D indicated that the average packaging series apeared to be only $1.2 genomes long. This value decreased to $0.7 at the T 4 particle position in the gradient, suggesting that less than one genome length had been packaged in the smaller particles. In addition, fragment B was in a much higher relative abundance in the T 4 region of the gradient suggesting that it was selectively preseved in the T 4 particles. These odd results could be explained by considering that the T 4 particles had less available volume for packaging DNA resulting in disparate intact EcoRI segments of the genome being packaged.
An alternate hypothesis is that the presence of excess portal protein somehow affected phage DNA replication to favor the presence of certain segements of the genome. To test this, total DNA was isolated from b-Gal and portal hosts that had been infected with gp2
À phage and digested with EcoRI (not shown). No differences were observed in either the yield or pattern of EcoRI restriction DNA fragments derived from each host suggesting that the differences in fragment abundances shown in Figure 12 (b) were due to DNA packaging and not to altered DNA replication.
A packaging model was generated to explain the observed digestion patterns taking into account that the T 4 heads packaged approximately 16 to 17.5 kb of DNA per head (Figure 12(c) ). Because there was no single EcoRI fragment encapsulated during each T 4 packaging beyond the ®rst headful, an estimate of the average number of consecutive events was unobtainable using this technique. Regardless, the packaging of the T 4 particles initiated at, or very near, the pac site and proceeded rightward until the head had been ®lled.
Discussion
P22 portal protein is not required for head assembly
The assembly pathways of many biological systems have been elucidated by eliminating a given subunit and subsequently identifying accumulated precursors. In the absence of portal proteins, head assembly proceeds without the accumulation of detectable sub-assemblies thus hampering efforts to establish a mechanism for portal vertex formation (reviews). 10, 14, 34 Nevertheless, in the absence of portal proteins, head assembly is frequently altered yielding aberrant heads in addition to properly formed heads. 14, 34, 35 Bacteriophage P22 containing amber mutations in the portal gene have been identi®ed that block DNA packaging. 25, 59 Unfortunately, using these mutants, no role for the P22 portal protein in formdetermination has been identi®ed. It seems possible that the previously characterized portal amber mutants were capable of producing partially functional amber fragments that may have retained a form-determination activity. To eliminate this possibility, the assembly of P22 heads was recharacterized using an engineered phage with an amber mutation at the ®fth codon. No differences in the rate of assembly, yield, or morphology of particles were observed using this mutant compared to those previously reported for other P22 portal amber mutants. This ®nding supports the hypothesis that the P22 portal protein is not required for the ef®cient polymerization of T 7 heads. 25, 29 Interestingly, it has been observed that a non-permissively suppressed amber mutant of the Figure 10(b) . Expanded, angular T 4 particles were present along with normal T 7 phage and aberrant assemblies. The T 4 particles contained tails, suggesting that they had completed DNA packaging (e.g. black arrow). P22 portal protein (1 À amH58) can recover biological activity in the presence of several different extragenic suppressors in the coat gene, 60 and another portal mutant (1 À csH137) can be suppressed by extragenic mutations in both the coat and tailspike genes, 30, 60 suggesting a direct interaction at some point during viral morphogenesis between the portal protein and the coat and/or tailspike protein.
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P22 portal vertices form during head assembly
In all cases studied, heads assembled in the absence of portal proteins are unable to function as substrates for dsDNA packaging when added to DNA donor lysates that contain portal protein. 35 ± 37,61,62 Although these ®ndings suggest that portalless heads are dead-end assembly products, it is possible that portal proteins may be capable of entering pre-assembled heads as part of the normal, in vivo assembly pathway, but that this mechanism is inef®cient in vitro.
By controlling the timing of recombinant P22 portal protein expression, it was determined that the portal protein found within phage had associated with head subunits that had not been preassembled as PLPs. This ®nding lends strong support to the premise that the P22 portal vertex is normally de®ned during polymerization of the head subunits.
29,36
Portal protein over-expression and assembly fidelity Using a combination of sucrose gradients, SDS-PAGE, and native agarose gel electrophoresis, novel features of the assembly and packaging of P22 were observed. In the absence of DNA packaging, the ef®ciency of coat protein polymerization into T 7 particles was observed to be approximately 98 %. The small amount of T 4 heads that were produced during control infections re¯ects plasticity in the normal assembly process and demonstrates that multiple assembly pathways are possible even when the phage is replicating ef®ciently. 54 It was surprising to ®nd that over expression of portal protein resulted in aberrant assembly because no involvement of portal protein in P22 head assembly had been reported. When over expressed, the portal protein was found associated with coat assemblages that resembled structures formed in the absence of scaffolding protein such as T 4 particles and spiraled shells. 54 It appears as though the portal protein was interfering with the ability of scaffold to govern T 7 assembly. Because the basic structural difference between T 7 and T 4 heads is the relative placement of pentamers in the coat lattice, 40, 63 it may be that dictating pentameric vertex spacing is coupled to portal protein recruitment.
Excess portals block DNA packaging
In the presence of a functional terminase, particles with electrophoretic mobility intermediate to procapsids and mature phage were observed in the native agarose gels (Figure 10, bands I-1 and I-2) . These forms have not been described previously, but probably represent different packaging intermediates because they were not observed in the absence of DNA packaging. Further characterization will be required to unambiguously identify these particles. It is of interest to note that several discrete lattice conformations have also been shown to exist during the maturation of phages HK97, SPP1, and T4. 64 ± 68 These capsid transformations may be universally coupled to the need to progress irreversibly through the various stages of DNA packaging.
The T 7 heads formed in the presence of excess portal protein appeared to have, on average, two portals. The scaffolding protein levels were lower in these PLPs, apparently in response to the presence of functional terminase. Normally, scaffolding protein completely exits during DNA packaging. 69 The initiation of DNA packaging probably induces a conformational change in the capsid lattice that eliminates the scaffolding binding sites. 69, 70 In support of this, mature, empty P22 heads do not bind puri®ed scaffolding protein in vitro, suggesting that the binding sites are not present. 70 Although the normal signaling mechanism for P22 head maturation is not known, it has been proposed that the negative charge of the incoming DNA repels negatively charged domains of the coat protein triggering them to separate during expansion. 71 A similar model for the expansion of bacteriophage HK97 has also been proposed. 65 It is not currently known if the structural transformation that eliminates the scaffold binding sites is the same as that that accompanies expansion. If the two events are coupled, then the additional portal vertex may have inhibited this critical lattice transformation. An analysis of puri®ed phage that had been produced in the presence of excess portal protein indicated that a normal dosage of portal protein was associated with the heads. This is interpreted to mean that, when portal protein was over expressed, there was a ®nite chance that some heads received only one portal ring, and, upon DNA packaging, were capable of fully maturing.
Excess portal protein alters DNA packaging P22 packages DNA using a headful mechanism from a linear concatemer of DNA. 25 A terminase complex consisting of gene products gp2 and gp3 recognize a site within gene 3 (termed pac) and cleaves the DNA to allow packaging initiation. 57, 72, 73 Packaging then proceeds``rightward'' toward the head genes. 57, 74, 75 After the phage head has been ®lled with DNA, the concatemer is imprecisely cleaved in a region past the next pac site the P22 Portal Vertex Formation in Vivo free DNA end is then used to initiate packaging into another procapsid. 43 In the normal case, ®lling a mature T 7 capsid allows for $104 % of the 41.7 kb genome to be packaged resulting in DNAs that are terminally redundant and circularly permuted. 43,76 ± 78 Interestingly, in the cells that had over-expressed portal protein, DNA packaging into the T 4 heads resulted in smaller, $16-17.5 kb packaged segments in addition to the $43 kb fragments contained in the T 7 heads. T 4 heads are also formed by bacteriophage lambda with a certain class of missense mutants in the major capsid protein. 79 The lambda T 4 heads require cos spacing on the DNA to be between 13 and 19 kb. 79 Lambda and P22 have similar T 7 head dimensions and package similarly sized full-length genomes so it is not surprising that a reduction of the head T-number to 4 resulted in similar packaging restrictions.
The EcoRI restriction analysis of the packaged P22 DNA indicated that both the T 4 and T 7 heads initiated packaging at the normal pac site and proceeded rightward until the heads were full. A slight sequence preference for DNA cleavage has been reported. 43 The DNAs packaged into the T 4 heads were cleaved in a region that was approximately 24 kb to the left of the normal cleavage site, suggesting that there is no strict requirement for termination of DNA packaging other than a headful of DNA.
The portal protein is part of the headful sensing mechanism and most likely communicates the DNA density in the head to the terminase on the outside. 80 It is notable that the distribution of packaged DNA fragment lengths in the T 4 heads was approximately 1500 bp ( Figure 12(a) , right panel, lane L). This suggests that there were variations in headful sensing when the T 4 heads were ®lled with DNA that were similar to those reported for T 7 heads (AE750 bp). 43 One might cautiously extend this observation to suggest that the perceived``pressure'' of the packaged DNA in both head types may have been similar.
Recruitment of portal rings
The ®nding that some head assembly was aberrant in the presence of excess portal protein strongly suggests that the portal protein had interacted with the growing coat lattice. It seems unlikely that this interaction would have been signi®cantly different from the normal interactions that recruit a portal vertex because wild-type portal protein had been over expressed. The ®nding that the T 4 heads had portals and very little, if any, scaffolding protein implies that the portal vertex might have repelled scaffolding protein during T 4 head assembly or that the tight scaffold binding sites are not present in T 4 structures. 40 Models that have been developed to explain how bacteriophage heads acquire one, and only one, portal vertex conventionally entail the portal serving as an initiator. 34, 38 In the case of P22, there is evidence arguing against this mechanism. In light of observations that portal proteins can affect assembly ®delity in several phages, it seems plausible that the portal proteins interact with capsids in the process of polymerizing. In an attempt to identify the proteins responsible for de®ning portal vertices, we have recently isolated P22 mutants that escape the effect of the excess wild-type portal protein. Our preliminary characterization of these phage indicates that the escape mutations invariably map to the portal, scaffold, and/or coat genes. This ®nding lends strong support to the idea that cross-talk between these proteins is necessary for the formation of portal vertices and makes it unlikely that another, yet unidenti®ed, gene is responsible for portal vertex formation.
Materials and Methods
Construction of the gene 1 amber mutant A 2 kb segment of the P22 genome spanning the start of gene 1 (portal) was PCR ampli®ed and blunt-end ligated into the vector pCR-Blunt (Invitrogen, Carlsbad, CA). The cloned fragment was then mutated to introduce an amber (UAG) stop codon in place of the ®fth gene 1 codon (glutamate, GAA) using the QuikChange Site-Directed mutagenesis kit (Stratagene, La Jolla, CA). The mutated vector was electroporated into the ambersuppressing Salmonella strain MS1363 (supE, a gift from M. Susskind, USC). 81 This host was then infected at a non-permissive temperature with a P22 strain containing a temperature-sensitive (ts) marker that mapped to the beginning of gene 1 (1 À ts14.1 c2am h, a gift from S. Casjens, U. Utah). 82, 83 Recombinant phage (designated 1 À amE5*) were then screened for the inability to grow on lawns of the non-suppressing host DB7000 (a gift from M. Susskind). 84 The lysis-defective mutation 13 À amH101 was then crossed into the 1 À amE5* phage by coinfection with a phage containing the 13 À am mutation as well as a ts mutation in gene 1 (c1-7 13 À amH101 1 À tsN106) 60, 82 and selecting for phage producing clear plaques at 37 C. Recombinants were then tested for the inability to complement each parental phage strain by spotting mixtures of the two strains onto lawns of Salmonella under nonpermissive conditions. The presence of the 1 À amE5* mutation was ®nally con®rmed by DNA sequencing. Western blotting using polyclonal anti-portal antibodies was used to verify that the phage did not produce detectable portal protein in non-suppressing hosts.
Construction of the portal protein expression host
Gene 1 was ampli®ed using PCR from a phage stock, digested at primer-encoded KpnI and XbaI restriction sites and cloned into the similarly digested expression vector pNFPW (a gift from P. Weigele, U. Utah, Salt Lake). The upstream primer also incorporated a consensus ribosome binding sequence (AAGGAG) to initiate ef®cient translation. 85 The cloned insert was under control of the UV5 lac promoter that could be induced with IPTG (isopropyl-b-D-thiogalactopyranoside). After verifying the sequence of the entire cloned gene 1, the resulting portal protein expression vector (pNFPW-g1) was then electroporated into Salmonella strain DB7000 and carried under ampicillin selection. A control vector was similarly constructed by PCR amplifying the E. coli lacZ gene from puri®ed E. coli chromosomal DNA and cloning into pNFPW. The sequence from the KpnI site through the ribosome binding sequence to the start codon was identical for both the gene 1 and lacZ clones.
The expression ef®ciency of each expression host was then tested by growing each culture under antibiotic selection to an A 600 of 0.2 and inducing with varying levels of IPTG. The growth of each culture was then tracked turbidometrically for the next two hours by monitoring at A 600 . After two hours of expression, samples of the culture were analyzed using SDS-PAGE to compare protein expression levels. Maximal induction of the lacZ gene resulted in copious accumulation of fulllength b-galactosidase (b-Gal) in addition to some smaller fragments, one of which nearly co-migrated with the portal protein. This fragment was prominent in some SDS-PAGE gels (e.g. Figures 5(a) and 9(a) ), falsely giving the appearance of an overexpressed portal protein.
Preliminary analyses of the expression of the b-Gal control revealed that the expression was much more ef®-cient than portal protein expression, so much so that induction with 1 mM IPTG caused a severe reduction in the host doubling time. To remedy this, the control b-Gal expression host was induced with less IPTG than the portal expression host. Induction with 0.07 mM IPTG allowed for the production of more b-Gal than the amount of portal protein produced with a 1 mM induction. These induction conditions did not affect the growth rates of the cultures and are referred to as``maximal'' inductions throughout the paper.
Pulse-labeling during trans-complementation
The portal expression host was grown at 37 C from a 1/100 dilution of a washed overnight culture in a de®ned rich labeling medium: M9 minimal medium supplemented with 8 mM leucine (DB7000 is a leucine auxotroph), 1 mM CaCl 2 , 2.5 mM FeSO 4 , 0.2 % (w/v) Dextrose, 100 mg/ml ampicillin, and 19 L-amino acids at 40 mg/ml except for methionine. 86 At a density of 3 Â 10 8 cells per ml, the cells were infected at a multiplicity of infection (M.O.I.) equal to 7 with 1 À amE5* 13 À am phage. Twenty minutes later, the culture was pulsed with 25 mCi/ml [ 35 S]Met ($15 nM, New England Nuclear) for six minutes, then chased with 10 mM cold Met. To replenish nutrients, the cells were pelleted and resuspended in fresh labeling medium containing 3.5 mM cold Met and then allowed to grow for 45 minutes to allow the radiolabeled proteins suf®cient time to assemble.
The culture was then divided evenly and half was induced to produce portal protein with 1 mM IPTG. After an additional 90 minutes of growth, the cells were harvested, resuspended in 1/30th the culture volume with lysis buffer (50 mM potassium-glutamate, 30 mM K Mops, 10 mM MgSO 4 , 1 mM CaCl 2 , 0.03 % (w/v) NaN 3 ), lysozyme was added to 0.1 mg/ml, and the cells were then frozen at À70 C. Upon thawing, CHCl 3 was added to 1 %, and the cells were allowed to lyse at room temperature for $20 minutes without the addition of DNase. During this time, the initial gel-like viscosity reduced greatly, presumably through the action of endogenous nucleases. The lysates were centrifuge for three minutes at 14,000 rpm in a tabletop microcentrifuge and the supernatants transferred to separate tubes. Then 150 ml of each supernatant was layered onto threestep CsCl gradients (d 25 1.2, 1.4, and 1.6 g/ml) prepared in 5 ml Beckman SW-55 tubes (CsCl solvated in 50 mM Tris-HCl, 100 mM NaCl, 5 % (w/v) sucrose, 5 mM MgCl 2 , 0.02 % (w/v) NaN 3 (pH 7.4)). The gradients were then centrifuged at 18 C for 2.5 hours at 35,000 rpm and fractionated through pinholes in the tube bottoms.
To desalt and concentrate the fractions, 300 ml of each was precipitated by the addition of 1.1 ml of 95 % (v/v) ethanol and stored overnight at À20 C. After pelleting at 14,000 g in a microfuge for 30 minutes at 4 C, each sample was further desalted by washing with 80 % ethanol, dried under vacuum, and resuspended in 30 ml 1 Â SDS sample buffer. After boiling for three minutes, the samples were resolved by SDS-PAGE (10 % (w/v) gel), stained with Coomassie blue, imaged, dried onto paper, and placed on ®lm to prepare autoradiograms.
Sucrose gradients
Sucrose gradients (5 %-45 %, w/v) (sucrose solvated in 50 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2, 0.02 % NaN 3 ) were prepared in 12 ml Beckman SW-41 tubes using a Gradient Master (BioComp Instruments, Inc., Fredericton, New Brunswick, Canada). After mixing, 350 ml was removed from the top and 250 ml of CsCl cushion solution (55 % CsCl, 5 % sucrose, 50 mM TrisHCl, 0.01 % bromophenol blue (pH 7.4), d
25 $ 1.7) layered on the bottom with a pulled capillary pipette. Then 200 ml of concentrated ($200Â) and cleared cell lysate was layered on top and the tubes centrifuged at 35,000 rpm for 47 minutes at 18 C. The gradients were gently fractionated into 850 ml aliquots by pumping from the bottom through thin¯exible tubing using a peristaltic pump.
Native agarose gel electrophoresis
Agarose gels (1.2 %) were prepared in Tris-boratemagnesium (TBM) buffer (45 mM Tris, 45 mM borate, 1 mM MgCl 2 ). Samples were mixed with 4 Â TBM loading buffer (1.5 Â TBM, 12.5 % (v/v) Ficoll, 0.01 % (w/v) bromophenol blue, 0.02 % NaN 3 ), and electrophoresed at 4 V/cm for three to four hours at 4 C. The presence of magnesium in the gel buffer caused considerable background staining. Therefore, after electrophoresis, the gels were soaked with gentle agitation in 50 mM EDTA for 20-30 minutes to chelate the magnesium prior to staining with Coomassie blue (10 % (v/v) methanol, 10 % (v/v) acetic acid, 0.01 % (w/v) Coomassie blue R-250). After staining for one to two hours, the gels were covered with Kimwipes (Kimberly-Clark, Roswell, GA) and destained overnight in 10 % acetic acid.
The protein composition of selected bands was determined by staining a slice of agarose gel to create a guide to cut unstained material from the gel. The agarose slices were then chopped into small pieces and electro-eluted in TBM buffer using a model 442 electro-eluter (Bio-Rad Laboratories, Hercules, CA). After elution, the samples ($600 ml) were concentrated in Micro-con 30 K MWCO concentrators (Millipore Corporation, Bedford, MA) to approximately 40 ml. For SDS-PAGE, the samples were washed three times using the micro-concentrator with 500 ml of 50 mM Tris-HCl, 50 mM NaCl, 2 mM MgCl 2 (pH 6.8) prior to mixing with SDS sample buffer. The recovery yield using this procedure was quite low (generally $5 %) which limited this analysis to the most prevalent bands.
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Densitometry
Coomassie blue stained gels and autoradiogram ®lms were imaged and digitized using a CCD camera (AlphaInnoteck). For quanti®cation of band intensities, lanes of interest were re-imaged under high zoom from the original gel or ®lm to increase the pixel count per band. The band intensisities were then determined by integrating the area under peaks obtained by summing the pixel intensities across a narrow rectangle drawn through all bands of interest in a given lane after manually assigning a baseline for each peak. Re-imaging and re-calculating the values did not result in a substantial change in the values obtained (generally AE $ 2-3 %). In instances where it was required to determine the amount of protein present in a given bacterial culture (e.g. see Figure 4 ), the band peak intensities were normalized to the sum of several bacterial protein band intenisites that were determined to faithfully re¯ect the culture density in a separate experiment. This procedure corrected for differences in sample preparation and gel loading and allowed protein levels to be compared reliably between different samples.
Electron microscopy
Excess salts and sucrose were removed from the fractions by exchanging into low-salt phosphate buffer (10 mM NaCl, 10 mM NaHPO 4 (pH 7.4)) using pre-equilibrated Micro Bio-Spin 1 6 columns (Bio-Rad Laboratories, Hercules, CA). Then 10 ml drops were placed onto carbon-coated 300 mesh copper EM grids (Electron Microscopy Sciences, Fort Washington, PA) and the samples allowed to adhere for 15-20 minutes. Unbound material was blotted off with absorbent paper, and the samples stained with 2 % (w/v) uranyl acetate for 20 seconds. Excess stain was blotted off and the grids were then air dried prior to imaging with a Hitachi microscope operating with an accelerating voltage of 75 kV.
Packaged DNA analysis
Unpackaged DNA in total lysates and selected fractions from sucrose gradients was degraded by treatment with DNase I (Sigma) at 0.05 mg/ml for 1.5 hours at 37 C. After digestion, the remaining DNA in 200 ml of each sample was puri®ed using a Qiagen gel extraction kit (Qiagen Incorporated, Valencia, CA) according to the manufacturer's instructions assuming that the 200 ml sample represented a 200 mg gel slice. Intact DNAs in each sample were then resolved by electrophoresis through 0.4 % agarose gels prepared in 0.5 Â TBE (45 mM Tris, 45 mM boric acid, 2 mM EDTA) at 0.8 V/ cm for 24 hours. Afterward, the gels were stained with 0.1 mg/ml ethidium bromide, destained with water and visualized on a UV transilluminator. EcoRI (New England Biolabs) restriction digests of the puri®ed DNAs were visualized after resolving through 0.8 % agarose gels. The fragment assignments were made in accordance with previously published data 57, 58 and with the known P22 genomic sequence (GenBank accession NC-002371). 87 
